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ABSTRACT

The degradation and organic content reduction of Nuclear Fast Red (NFR, a counterstain
reagent widely used in biochemical and biomedical laboratories) in aqueous solutions has
been studied by heterogeneous photocatalytic oxidation under artificial irradiation. For the
heterogeneous processes, the performance of different commercial titanium oxides on the
degradation and the organic content reduction (DOC) of the wastewater was examined. The
decomposition of the NFR follows quite well a pseudo-first kinetic order in the whole pH
range, in line with the Langmuir-Hinshelwood model. The effects of catalyst concentration,
of the initial solution pH and of H,O, concentration upon the reaction rate, were also
investigated. NFR degradation was accompanied by the formation of ammonium, nitrate,
and sulfate ions, as they have been detected as mineralization products in the liquid phase.
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1. Introduction

The elimination of toxic chemicals from wastewa-
ter is nowadays a very important subject in pollution
control. The pollutants originate in various industries
(petroleum refining, textile processing, etc.), agricul-
ture (pesticides, fertilizers), as well as household and
personal care areas (tensioactives, detergents, pig-
ments, dyes, odorizers, etc.); several of these are
resistant to conventional chemical and biological

*Corresponding author.

wastewater treatment technologies [1-3]. The need for
alternative methods is of interest to regulating authori-
ties everywhere. The increased concern for the use of
the advanced oxidation processes (AOPs), such as
heterogeneous photocatalysis (TiO,/UV-A), ozonation,
H,0,/UV-B, photo-Fenton, etc., may be explained by
the need for seeking of new, alternative to the
conventional ones, and environmentally friendly
technologies [4,5].

Concerning heterogeneous photocatalysis, it has
been demonstrated that the use of semiconducting
materials mediating the photocatalytic oxidation of
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organic compounds can be an alternative to
conventional methods for the removal of organic
pollutants from water and wastewater. General
description of heterogeneous photocatalysis in the
presence of TiO, under artificial or solar irradiation is
presented in several excellent review articles [6,7]. In
brief, by the irradiation of an aqueous TiO, suspen-
sion with light energy greater than the band gap
energy of the semiconductor (E; > 3.2 eV), conduction
band electrons (e) and valence band holes (h*) are
generated. Part of the photogenerated carriers recom-
bine in the bulk of the semiconductor, while the rest
reach the surface, where the holes, as well as the elec-
trons, act as powerful oxidants and reductants, respec-
tively. The photogenerated electrons react with the
adsorbed molecular O, on the Ti(Ill)-sites, reducing it
to superoxide radical anion O; , while the photogener-
ated holes can oxidize either the organic molecules
directly or the OH  ions and the H,O molecules
adsorbed at the TiO, surface to OH' radicals. These
radicals together with other highly oxidant species
(e.g., peroxide radicals) are reported to be responsible
for the primary oxidizing step in photocatalysis. The
OH' radicals formed on the illuminated semiconductor
surface, with a standard reduction potential of 2.8 V,
can easily attack the adsorbed organic molecules or
those located close to the surface of the catalyst, lead-
ing finally to their complete mineralization. A signifi-
cant advantage of the photocatalytic process is its
environmentally friendly character, since it can be
mainly powered by the sunlight, reducing significantly
the electric power consumption and the operating
costs [8,9].

Among various semiconducting materials (oxides,
sulfides, etc.), most attention has been paid to TiO,
(anatase) because of its high photocatalytic activity,
resistance to photocorrosion, and relatively low cost.

This study presents results concerning the photo-
catalytic degradation and mineralization of Nuclear
Fast Red (NFR) (Fig. 1), an anthraquinone-derivative
dye, over TiO, photocatalysts under various experi-
mental conditions.

O OH
SO3Na
# SOoH
O  NHy

Fig. 1. NFR chemical structure (CAS Number: 6409-77-4).
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NER is a widely used red nuclear counterstain dye
in the routine staining of histological tissue sections
(several types of cells, etc.). Together with auramine
O, hematoxylin, rose bengal, etc., NFR is widely used
in biomedical research laboratories and also for diag-
nostic purposes. Some of these stains are known to be
toxic or mutagenic for human and animals [10,11].

According to our knowledge, the methodology
mainly used for the removal of these biological stains
from solutions is their sorption, either on activated
carbon or on a polymeric resin (i.e. Amberlite
XAD-16). However, the problem is not solved; the dye
is only immobilized on the solid phase [11]. For these
reasons, the main objective of this new study was to
investigate the possibilities for the elimination of NFR
from wastewaters, by photocatalytic oxidation, before
their release to the environment. According to the
literature, various research groups dealt with the
degradation and mineralization of dyes in the pres-
ence of UV-A or visible light radiation [12-18] with
very promising results.

2. Experimental
2.1. Reagents

NEFR (C14HgNO;5Na, MW 357.28) was provided by
Sigma Chemie GmbH and used as received. Various
commercial TiO, (CAS 6409-77-4) catalysts were used
for the photocatalytic experiments such as TiO, P-25
Degussa (70/30 anatase/rutile, 55 m? gf1 BET),
TiO, Kronos 7000 (TiO, K-7000, 100% anatase,
>250 m* g~ ' BET), and TiO, Millenium (TiO,-M, 100%
anatase, 10 m? gfl BET). NaOH (CAS 1310-73-2) and
H,SO, (7664-93-9) from Sigma-Aldrich were used for
the pH adjustment.

2.2. Procedures and analysis

The experiments were performed in a closed Pyrex
cell of 0.5 L capacity. The reaction vessel was fitted
with a central 9 W lamp and had inlet and outlet ports
for gas bubbling during the reaction. The spectral
response of the irradiation source (OsramDulux S
9W/78, UVA), according to the supplier, ranges
between 350 and 400 nm, with a maximum at 366 nm
and two additional weak lines in the visible region.
The photon flow per unit volume of the incident light
was determined by chemical actinometry using potas-
sium ferrioxalate (CAS 15375-82-3) [19]. The initial
light flux, under exactly the same conditions as in the
photocatalytic experiments, was evaluated to be
0.93 x 10~* Einstein L™ min™".
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The typical procedure comprised mixing 450 mL of
NFR solution with the appropriate amount of
semiconductor powder, under magnetic stirring,
before and during the irradiation, while purging the
solution with CO,-free air. Prior to the photocatalytic
experiment, the suspension was stirred for 30 min in
the dark, in order to achieve the maximum adsorption
of the dye onto the semiconductor surface. At specific
time intervals, samples from reaction suspension of
5mL were withdrawn with a syringe. In order to
remove the TiO, particles, the solution was filtered
through a 0.45-um filter (Schleicher and Schuell). The
concentration changes of the NFR were measured
from its characteristic absorption band, using a
UV-visible spectrophotometer (Shimadzu UV-1700).
The pH value of the solution influences in a significant
degree, the maximum wavelength for the radiation
absorption. Therefore, the photodecomposition of NFR
was monitored at pH values of 4.8 and 3 at 518 nm
and, respectively, at 536 nm for the pH values of 7.5
and 10.

The extent of mineralization on samples taken at
certain time intervals was measured using a TOC
Analyser (Shimadzu Instruments, model VCSH TOC
Analyser).

SO;~, NO;, NO,, and NH; ions, produced dur-
ing the photocatalytic oxidation, were determined in
a Shimadzu system consisting of an LC-10 AD
pump, a CDD-6A conductometric detector (0.25 pL
flow-cell), and a CTO-10A column oven. Cations
were separated on an Alltech Universal cation col-
umn (100 mm x 4.6 mm) preceded by a guard col-
umn (7.5 mm x 4.6 mm) of the same material using
3 mM methane sulfonic acid at 1.5 mL min~' constant
flow. Anions were separated on an Alltech Allsep
anion column (100 mm x 4.6 mm) preceded by a
guard column (7.5 mm X 4.6 mm) of the same mate-
rial using a phthalic acid and lithium hydroxide mix-
ture of 4mM (pH 4.00) at 1.5mL min~' constant
flow. Column and conductivity cell temperatures
were held constant at 35 and 38°C, respectively. Cali-
bration curves (0.01-10 mg L™") were constructed for
each ijon. The method detection limits were
0.03mg L' for NH; and 0.03, 0.07 mgL™" for NO;,
SO3~, respectively.

Most of the photocatalytic experiments were car-
ried out at the initial pH value of 4.8, and the reaction
temperature was kept constant at 25 + 0.1°C.

Some photocatalytic experiments were repeated
three times for the sake of reproducibility checking of
the experimental results. The accuracy of the optical
density values was within +5%, while the diluted
organic carbon reduction during the mineralization
experiments was +10%.
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3. Results and discussion
3.1. Photodecomposition of NFR

A first series of experiments of the photocatalytic
decomposition of NFR was performed on solutions
containing an initial concentration of 30 mg L™ of the
dye, in the presence of various commercial TiO, cata-
lysts. The concentration of the organic molecule in the
solution is plotted against the irradiation time and the
results are displayed in Fig. 2.

The exposure of an air-equilibrated NFR solution
in the presence of light and the semiconducting pow-
ders resulted in a quite fast disappearance of the col-
ored part of the dye molecule. The strong decrease of
the characteristic absorption peak indicated that the
chromophore, included in the conjugated system with
the amino group and the three aromatic rings, was
broken.

Under the fore-mentioned experimental conditions,
the decolorization of the solution occurred very fast.
TiO, P-25 and TiO, K-7000 showed the same catalytic
activity and after 45 min of irradiation, the degrada-
tion of the dye in the solution was complete. TiO,-M,
on the other hand, in the same irradiation time leads
to an 80% degradation of the molecule. Data from
Fig. 2 show that for all C-t curves, the process occurs
in two distinctive steps, a fast one in the beginning,
followed by a slower phase when reaching a concen-
tration of 60-70% from the initial value.

The stability of the dye to the light was investi-
gated by measuring the dye concentration under
irradiation, in the absence of any catalyst. After 2 h of
reaction, the direct photolysis yield was less than 10%,
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Fig. 2. Photocatalytic degradation of 30 mg L' NFR at pH
48 in the presence of 0.1gL™' (@) TiO, P-25 (A)
TiO, K-7000, and (V) TiO, M.
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so the contribution of the radiation alone in the
degradation of NFR in the time scale under study
could be considered negligible.

The photocatalyst dose is a very important factor,
strongly influencing the degradation of the organic
compound. The optimum amount is in close depen-
dence to the nature of the molecule and the photoreac-
tor design [20].

In the next series of experiments, the effect of TiO,
P-25 concentration on the initial reaction rate (r,) of
degradation of a 30 mgL™' NFR solution has been
observed; the results are presented in Fig. 3. The val-
ues of the initial photocatalytic reaction rate in relation
to the catalyst concentration follow a Langmuir type
isotherm, suggesting that r, might reach a saturation
value at higher TiO, concentrations, as reported in
similar cases [20,21]. In this study, as the data from
Fig. 3 indicate, the optimum value for TiO, is
05g L7, while further increase in the amount of TiO,
leads to a decrease in the efficiency of photodegrada-
tion of NFR.

The optimum photocatalyst dose depends on the
geometry and the working conditions of the reactor
and corresponds to the optimum degree of light
absorption. Above this concentration, the suspended
particles of the catalysts block the UV-light passage
and increase the light scattering. Furthermore, the
decrease of the reaction rates at high catalyst concen-
tration is due to other phenomena that may occur, like
agglomeration due to particle-particle interactions,
involving a loss of surface area available for light-
harvesting [22].

2.0

TN

0.8

0.0 . : . . . . . .
0.0 0.2 0.4 0.6 0.8 1.0
TiO, P-25 dose (g L)

initial reaction rate, r,(mg L' min™!)

Fig. 3. Influence of the catalyst dose on the initial reaction
rate during the photocatalytic degradation of 30 mg L™
NFR at pH 4.8.
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3.2. Influence of the NFR concentration and the pH value
on the reaction kinetics

The influence of the initial concentration of the
solute on the photocatalytic degradation rate of most
organic compounds follows a pseudo-first kinetic
order, rationalized in terms of the Langmuir—
Hinshelwood model (Eq. (1)), modified to describe
reactions occurring at a solid-liquid interface [23]:

To = — dc = KeKCeq 6V)
dt 1+ KC

where 7, is the initial rate of disappearance of the
organic substrate, Ceq is the equilibrium bulk-solute
concentration, K is the adsorption equilibrium constant
for the organic substrate on the solid, and k, is the
limiting reaction rate constant at maximum coverage
under the given experimental conditions. This equa-
tion can be reorganized to a linear form, easier to
operate, as follows:

Ca_ 1  Co @

The pH value appears to play an important role in the
photocatalytic process of various pollutants [24-27].
Some properties of the photocatalysts, such as surface
charge state and flat band potential, are highly pH
dependent, while electrostatic attraction or repulsion
between the catalyst’s surface and the organic
molecule, depending on the ionic form of the organic
compound (anionic or cationic), enhances or inhibits,
respectively, the photodegradation rate.

The initial reaction rate (r,) of photodegradation as
a function of the equilibrium concentration values of
NFR, under different pH values (3, 4.8, 7.5, and 10) is
shown in Fig. 4. In the subsequent kinetic study, the
equilibrium concentration of the dye (C.y), after
30 min equilibration in the dark was used instead of
the initial one (C,), due to the fact that NFR is
adsorbed quite strongly on the TiO,P-25 surface. The
1o (= AC/At) values were independently obtained by
measuring the Ceq —  data in the range of 5-50 mg L™
initial NFR concentration during the first 10 min of
irradiation, in order to minimize the variations due to
the eventual competitive adsorption effects of the
intermediates and pH changes associated with the
eventual release of H" during the photocatalytic
reaction. The curves are similar to Langmuir type iso-
therms; the decomposition rate value increases sharply
at low dye concentration and then reaches a plateau
associated with saturation at higher concentrations of
NFR.
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Fig. 4. Initial reaction rate, r,, of photodegradation vs.
initial NFR concentration at different pH values in the
presence of 0.1 g L™" TiO, P-25.

The dependence of C.q/7, values, according to
Eq. (2), on the respective equilibrium concentrations of
NFR determined at a constant 0.1 g L™" concentration
of TiO, P-25 is shown in Fig. 5, while the k, and K val-
ues calculated using the Eq. (2), from the slope of the
straight line and from the intercept with the Ceq/7,
axis for the different pH values, respectively, are
shown in Fig. 6.

The linearity of the curves in Fig. 5 is significant
and their slope is consistently different. The dye
decolorization rate is higher in the case of basic and
neutral, in comparison with the respective ones at
lower pH values. It is important to note that even at
higher dye concentrations, the linearity is still very
good, indicating that the coverage degree of the solid

80

m pH=43

60

40

CeqfTo (min)

20

0 10 20 30 40 50
Ceq (mgL™)

Fig. 5. Ceq/7o Vs. Ceq, for different pH values in the pres-
ence of 0.1 g L™" TiO, P-25. Data from Fig. 4.
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Fig. 6. k, and K constants for the photocatalytic degrada-
tion of 30 mg L™ NFR at different pH values (0.1 gL™"
TiO, P-25). Data from Fig. 5.

with dye molecules remains reasonable, leaving unaf-
fected the capacity of the solid to interact with UV
radiation and initiate the degradation.

The effect of pH on the photocatalytic degradation
of NFR can be mainly explained by the surface charge
of TiO, (point of zero charge pzc % 5.6) and its relation
to the dissociation constant of —NH, and of the sul-
fonic group of NFR, that is a slightly acidic anionic
dye.

The less favorable pH value for the photodegrada-
tion was proved to be the natural one of 4.8. It is fur-
ther confirmed by the adsorption equilibrium constant
K values in Fig. 6; the lowest value was obtained at
pH 4.8. This pH value supposes the slightest adsorp-
tion and is associated with the less ionized dye. At
both lower and higher pH values, the ionization of
—NH, and —SO;Na is important. At low pH values,
the -NH, group transforms into R-NH; and the —
SOz;Na changes into SO3H, so the dye becomes itself a
Bronsted acid. The non-ionized form is also
unfavorable for the reactivity of the dye, since the k,
value reaches a minimum at the 4.8 native pH value
of the dye solution. Above this value, both the adsorp-
tion constant and the reaction rate increase consis-
tently until pH reaches the value of 10, as shown in
Fig. 6.

3.3. Effect of HO, on the photocatalytic degradation of
NFR

The addition of oxidizing species, such as hydro-
gen peroxide (HO,), potassium peroxydisulfate
(K5S;05), and others to TiO, suspensions, is a
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well-known procedure to increase the rate of photo-
oxidation [28,29].

In our case, the photocatalytic degradation of
30 mg L™' NFR in the presence of 0.1 g L™ TiO, P-25
at pH of 4.8 has been studied at different HO, con-
centrations (Fig. 7). The reaction kinetics were similar
to those observed without the oxidants.

The role of H,O, in the photocatalytic degradation
is dual: it accepts a photogenerated electron from the
conduction band and thus promotes the charge sep-
aration (Eq. (3)), or interacts with the O, species,
forming OH' radicals via the superoxide mechanism
(Eq. (4)):

H,O, + e — HO™ + HO 3)
H,O, + O, — HO + HO™ + 0O, 4)

The photogenerated intermediates are very active and
a reaction with another H,O, molecule cannot be
excluded. If an excess of H,O, exists in the reaction
medium, it may act as a hole, or HO" scavenger or it
can react with TiO, to form peroxo-compounds. These
are detrimental to the photocatalytic action, competing
with the organic compound for the adsorption sites on
the catalyst surface. An optimal concentration of H,O,
for the maximum effect should be therefore
determined [30].

The effect of H,O, concentration on the initial 7,
shows that the use of H,O, as an electron scavenger
in concentrations from 25 to 150 mgL™" (0.69-
416 mmol LY, corresponding to molar ratios H,O:
NEFR ranging between 20 and 116, increases the values
of r, approximately by a factor of 3, in comparison
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Fig. 7. Effect of concentration values of H,O, on 30 mg L™
NFR initial degradation rate in the presence of 0.1 gL™"
TiO, P-25 at pH 4.8.
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with the photocatalytic system without H,O,. This
result is quite similar over the whole range investi-
gated. The high and almost constant reaction rate for
the NFR degradation within this range of H,O, con-
centrations shows that the e /h™ recombination rate
was diminished by the presence of at least 25 mg L™"
peroxide and the photocatalytic efficiency was kept at
the same level for all the oxidizing species. It is inter-
esting to note that neither an improvement of the
degradation could be associated with higher H,O,
concentrations, as expected, nor a decrease of the
photocatalytic efficiency, as an effect of HO" scaveng-
ing, appeared at higher concentrations.

3.4. Photodegradation products

A complete photocatalytic degradation of an
organic molecule normally leads to the conversion of
all its carbon atoms to gaseous CO,, and the heteroa-
toms into inorganic anions, remaining mostly in the
solution. In order to study the total mineralization of
NFR, two sets of determinations were carried out:
(a) dissolved organic carbon (DOC) reduction and
(b) inorganic ions formation, as a function of irradia-
tion time.

The overall equation, describing in principle the
photocatalytic mineralization of NFR, after a long
irradiation time, in the presence of excess oxygen, is
presented below:

C14HgO;SNNa + 1550, — [intermediates]
— 14 CO, + NaNOj;
+ H,S0O4 + 3H,O (5)

Fig. 8 shows the degree of the dissolved organic
content (DOC) reduction vs. irradiation time of an air-
saturated solution containing 30 mg L™ NFR in the
presence of 0.1gL™' TiO, P-25, TiO, K-7000, and
TiO,-M.

In the presence of TiO, P-25 and Kronos 7000,
around 57% of the initial carbon content in NFR was
converted to CO, in 180 min reaction time, while the
photocatalytic decomposition of the chromophore
groups was almost complete, as reported in Section 3.1,
Fig. 2. This suggests the generation of organic inter-
mediate species between the first molecule splitting
and the total mineralization. The full oxidation under
the given experimental conditions requires a longer
reaction time.

According to Eq. (5), the main final products from
the photocatalytic decomposition of NFR under the
given experimental conditions were CO,, NO;, NHj,
and SO?™. The SOi~ amount in %, detected by ionic
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Fig. 8. Photocatalytic DOC reduction of a 30 mg L™' NFR
solution in the presence of 0.1 gL™" (M) TiO, P-25, (@)
TiO, K-7000, and (A) TiO, M at pH 4.8.

chromatography, based on the measuring of total
sulfur content in 30 mg L' NFR converted to SO3~, as
a function of the irradiation time, is given in Fig. 9.
The data show that in the presence of TiO, P-25 and
TiO, K-7000, 62% of the maximum theoretical amount
of sulfur has been released as SO  from the NFR
molecule after 3 h of illumination, which is in good
correlation with the 57% DOC reduction. On the other
hand, in the case of TiO, M with a DOC reduction of
36% after 180 min, the reaction seems to be less effec-
tive in comparison with the other two TiO, modifica-
tions, probably due to a lower BET surface area value.

In Fig. 10, the total inorganic nitrogen production is
given, as a sum of nitrogen as NH;, NO;, and NOj,
during the photocatalytic degradation of 30 mg L™
NER in the presence of 0.1 g L! TiO, P 25, TiO, K-7000,
and TiO, M. The nitrogen from the amino group of the
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o 40 - ./ / "
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0 50 100 150 200

illumination time (min)

Fig. 9. Production of SO}~ by the photocatalytic degrada-
tion of 30 mg L™ NFR in the presence of 0.1 gL™" (M)
TiO, P-25, (@) TiO, K-7000, and (A) TiO, M at pH 4.8.
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Fig. 10. Photocatalytic total inorganic nitrogen production,
as a sum of nitrogen in NH;, NO; and NOj, during the
photocatalytic degradation of 30 mg L™' NFR in the pres-
ence of 0.1g L™! (m) TiO, P-25, (@) TiO, K-7000, and (A)
TiO, M at pH 4.8.

initial dye molecule is transformed gradually to NH;
and then to nitrite and nitrate ions. The ion chro-
matograph detects all three species and the sum of their
N-content shows the extent of organic nitrogen conver-
sion to the respective inorganic one. The inorganic
nitrogen increases continuously and after 3 h of illu-
mination, it reaches values corresponding to 58% in the
case of TiO, P-25, 60% in the case of TiO, K-7000, and
16% in the presence of TiO,-M, of the amount corre-
sponding to complete mineralization. The main
degradation product originating from nitrogen, on all
three catalysts, is the ammonium ion, with after 3 h of
reaction NHJ to NOj ratios of 6.5, 14, and 5 for TiO, P
25, TiO, K-7000, and TiO,-M, respectively.

The reason for NOj in our case having lower con-
centrations, except for the catalyst nature, might as
well be the low irradiation intensity, the low oxidation
state of the nitrogen in NFR, as well as the short illu-
mination time. According to G. Low et al. [31] and P.
Calza et al. [32], the NH; /NO; ratio decreases with
the increase of the irradiation time and the solution
pH. The formation rate of NO; is low when N is at
low oxidation state, as in our case, since the conver-
sion of NH; to NOj is very slow, as predicted from
the difference of 8 units in the oxidation state.

4. Conclusions

In this work, the photocatalytic degradation of
NFR, an anthraquinone-derived dye, has been studied
under artificial illumination. All commercial TiO,
samples are efficient photocatalysts, in respect to
both degradation and mineralization extent. The
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photo-oxidation of NFR followed first-order kinetics,
which fitted the Langmuir-Hinshelwood model.
Parameters such as concentration of the catalyst and
initial pH play an important role affecting the reaction
rate, while the addition of an electron scavenger such
as hydrogen peroxide into illuminated TiO, suspen-
sions leads to an enhancement of the photocatalytic
process. Our study showed that the illumination of a
30 mg L™ NFR solution for 3h in the presence of
0.1 g L™" TiO, P-25 or TiO, K-7000 led to total degrada-
tion and to a mineralization degree of ~57%, in agree-
ment with the values of the sulfate and nitrogen-
containing inorganic compounds monitored in the reac-
tion system.

The photocatalytic treatment of wastewaters from
the biochemical/biomedical laboratories could be
employed as a powerful tool for degradation and for
the reduction of organic content. The use of an inex-
pensive and non-toxic catalyst, such as TiO,, and the
possibility of activating it with UV-A or solar light,
combined with the simple technology required for this
method, can offer economically reasonable and practi-
cal solutions for the processing of this liquid waste.
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